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Internal carotid artery stenosis can give rise to
thromboemboli, which can lead to contralateral cere-
bral ischemic events or ipsilateral amaurosis fugax.
These thromboemboli arise from the atherosclerotic
plaque and are thought to be more common in soft
ulcerated plaques than in calcified or fibrous plaques.1
Persson et al2 stated that intraplaque hemorrhage
leads to the development of clinical neurological
symptoms if this process then ruptures into the lumi-
nal surface of the artery. Carr et al3 described that
fibrous cap thinning, foam cell infiltration of the
fibrous cap, and an inflammatory infiltrate all predis-
pose the fibrous cap to rupture, for which there were
strong correlations with symptomatic carotid artery
disease. It appears that plaque instability is a major
factor in the development of thromboembolic seque-
lae.4 The process of angiogenesis, the development of
new blood vessels from previously existing endotheli-
um, has been implicated to play a major role in the
development of coronary atherosclerotic plaque hem-
orrhage,5 rupture,6 and thrombosis5 and thus lead to
the progression of coronary artery stenoses7 to occlu-
sion and myocardial ischemia. What has not been
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Purpose: Symptomatic carotid disease resulting from generation of thromboemboli has
been associated with plaque instability and intraplaque hemorrhage. These features of
the lesion could be influenced by the fragility and position of neovessels within the
plaque. The purpose of this study was to determine whether any association exists
between neovessel density, position, morphology, and thromboembolic sequelae.
Methods: Carotid endarterectomy samples were collected from 15 asymptomatic patients
with greater than 80% stenoses and from 13 highly symptomatic patients who had suf-
fered ipsilateral carotid stenotic events within 1 month of surgery. Both groups were
matched for gender, age, risk factors, degree of carotid artery stenosis, and plaque size.
Samples were stained with hematoxylin/eosin and van Geison. Immunohistochemistry
was performed by using an endothelial specific antibody to CD31. Plaques were assessed
for histologic characteristics, and neovessels were counted and characterized by size, site,
and shape.
Results: There were significantly more neovessels in plaques (P < .00001) and fibrous
caps (P < .0001) in symptomatic compared with asymptomatic plaques. Neovessels in
symptomatic plaques were larger (P < .004) and more irregular. There was a significant
increase in plaque necrosis and rupture in symptomatic plaques. Plaque hemorrhage and
rupture were associated with more neovessels within the plaque (P < .017, P < .001) and
within the fibrous cap (P < .046, P < .004). Patients with preoperative and intraopera-
tive embolization had significantly more plaque and fibrous cap neovessels (P < .025, P
< .001). 
Conclusion: Symptomatic carotid disease is associated with increased neovascularization
within the atherosclerotic plaque and fibrous cap. These vessels are larger and more
irregular and may contribute to plaque instability and the onset of thromboembolic
sequelae. (J Vasc Surg 1999;30:261-8.)
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established is whether similar events occur in carotid
artery plaques and whether patient symptoms corre-
late with neovessel density within the plaque. It may
also be the case that neovessel size, shape, and per-
meability may also be important determining factors
with regard to the development of plaque hemor-
rhage and rupture. 
Therefore, in this study we set out to determine
the extent of neovessel formation in carotid plaques
that had been removed from patients who had
undergone carotid endarterectomy for both asymp-
tomatic and symptomatic carotid artery disease. In
addition, we aimed to establish whether there was
any association between the presenting symptoma-
tology, used as a surrogate measure of thromboem-
bolic activity, and the number, site, size, and shape
of neovessels within the plaque.
PATIENTS AND MATERIALS/METHODS
Endarterectomized carotid plaques were collect-
ed from a consecutive cohort of 65 patients who had
undergone carotid endarterectomy. From this
cohort we identified patients who had been asymp-
tomatic and those who had been preoperatively,
highly symptomatic (ie, having suffered a neurolog-
ical event, 1 month or less before undergoing
carotid endarterectomy). Thirteen patients fit into
this latter category. Fifteen of the patients who
underwent carotid endarterectomy were asympto-
matic from neurological events. This allowed com-
parison of the histologic findings from two sets of
patients who were at the extreme ends of the symp-
tomatology spectrum. Preoperatively, these patients
had a greater than 70% internal carotid artery steno-
sis that was identified by means of color-coded
duplex ultrasonography. There was no significant
difference between the degree of stenosis of symp-
tomatic and asymptomatic patients, by the Mann-
Whitney U test (82.6% vs 82%, respectively). 
In the symptomatic group, 7 patients were ini-
tially seen with less than 1 month’s history of tran-
sient ischemic attacks (TIAs), one patient had amau-
rosis fugax, 1 patient a cerebrovascular accident
(CVA) with full neurological recovery, and 4 with a
history of previous CVA but now with crescendo
TIAs. There was no difference between the groups
with regard to age; the median age for symptomatic
patients was 70 years (58-81 years), and for asymp-
tomatic patients it was 68 years (49-79 years). In the
symptomatic patient group there were 10 men and
3 women, and in the asymptomatic group there
were 11 men and 4 women. Patient risk factors are
summarized in Table I, differences between groups
were analyzed by means of the Fisher exact test.
Carotid endarterectomy tissue samples were
removed whole with minimal trauma to the plaque
and were immediately placed in 4% paraformaldehyde
solution. The specimens were then decalcified in
formic acid overnight, and transverse sections were
routinely processed and embedded in paraffin. From
each sample, serial 4 micron sections were stained with
hematoxylin and eosin (H&E), elastic van Geison
(EVG), and with a monoclonal antibody against the
endothelial cell marker CD31 (Sigma, St. Louis, Mo),
which is expressed on endothelial cells.
Light microscopy. All tissue samples contained
an area of atherosclerotic plaque within the intimal
layer, with normal areas of intima adjacent to it. For
each plaque, 3 tissue sections were viewed at · 400
magnification by 3 independent observers. All results
shown are the mean scores for the quantitative vari-
ables. One observer was an experienced histopatholo-
gist who assessed the atherosclerotic plaques blindly
for rupture, hemorrhage, fibrous cap thinning, necro-
sis, and the presence of capsular foam cells on H&E-
and EVG-stained sections. The artifact of surgical cut-
ting was identified by direct communication of the
tract from the periphery to the lumen or within the
plaque. Plaque rupture was associated with a thin
fibrous cap unrelated to the surgical tract. Intraplaque
hemorrhage was defined as the presence of blood and
thrombus within the plaque when seen microscopical-
ly. Hemorrhage was used to refer to a hematoma with-
in the carotid plaque that contained all of the blood
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Table I. Clinical risk factors for symptomatic and asymptomatic patients undergoing carotid endarterectomy
Risk factors Symptomatic patients (n = 13) Asymptomatic patients (n = 15) P
Current smoker 10(77%) 13(87%) .4
Ischemic heart disease 10(77%) 8(53%) .2
Hypertension 7(54%) 9(60%) .7
Hyperlipidemia 4(31%) 4(27%) .6
Diabetes mellitus 2(15%) 2(13%) .6
Fisher exact test used to define any statistical difference between the two groups.
elements. Thrombus was defined by the presence of
platelets or fibrin, characterized by lamination with or
without red and white cells interspersed.
The other two observers assessed the samples
for the presence of neovessels both independently
and blindly. Only blood vessels that appeared to
contain a single layer of endothelial cells and no
surrounding smooth muscle cells were included.
Similarly, only neovessels that contained a lumen
were included; however, vessels that contained
blood cells but with no endothelial staining were
excluded. The number of neovessels throughout
the whole of the section were counted, and their
position within the plaque was recorded along with
their shape and size (calculated as the cross-
sectional area of the largest vessel seen in the high-
powered field). These data were recorded on a
standardized protocol by each observer. The proto-
col contained a drawing of a representative plaque
and surrounding intima onto which the above data
could be recorded. The final quantitative data was
analyzed as mean scores of the observations of the
two observers. There was no statistical difference
with regard to interobserver variation.
Statistical analysis. Nonparametric continuous
variables are shown as medians (range) and were com-
pared by using the Mann-Whitney U test.8 Statistical
significance was taken as a P < .05. Categorical data
were analyzed with the Fisher exact test.8
RESULTS
The histologic findings of the 13 carotid
endarterectomy samples in highly symptomatic
patients were directly compared with the 15 samples
from asymptomatic patients. There was no difference
in carotid plaque section size between the two groups
(symptomatic plaques median size, 24 mm2 [range 8-
50 mm2] vs asymptomatic plaques median size, 23
mm2 [range 10-45 mm2], W = 190.5, P = .9).
Neovascularization and the carotid plaque.
When taking into account plaque size, the median
neovessel density (number of vessels per square mil-
limeter) for plaques from symptomatic patients was
4 vessels/mm2 (range 1.2-9), and for asymptomatic
plaques it was 0.7 vessels/mm2 (range 0-3.8). There
were significantly more neovessels present in plaques
from symptomatic lesions compared with those that
were asymptomatic (W = 262.5, P < .0004), as illus-
trated in Fig 1. The majority of these vessels could
be seen at the medial and lateral corners of the
plaques, as shown in Fig 2, with fewer being found
around the base of the plaque. However, a signifi-
cant number of symptomatic lesions had neovessels
within the atherosclerotic plaque fibrous cap, as
illustrated in Fig 3. The median number of vessels
within the cap for symptomatic lesions was 12
(range 0-21), versus a median of 0 (range 0-14), for
asymptomatic lesions (W = 271, P < .0001). 
Symptomatic lesions had significantly larger
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Fig 1. Number of microvessels identified from plaques of symptomatic and asymptomatic
patients. Values are medians and interquartile ranges (W = 262.5, P < .0004).
neovessels, which were measured by luminal cross-
sectional area of the largest vessels identified within
the plaque. The median luminal cross-sectional area
of the largest neovessels in symptomatic lesions was
0.125 mm2 (range 0-2.5 mm2) compared with
0.0025 mm2 (range 0-150 mm2) in asymptomatic
lesions (W = 248.5, P < .004).
It was also noted that there was a large variation
in the shape of the neovessels seen. Neovessel shape
could be divided into three groups: (1) highly irreg-
ular vessels, which appeared multilobular on cross
section (Fig 4), (2) circular regular-shaped vessels,
and (3) flattened but patent vessels. The number of
neovessels falling into each group was determined
for each plaque. In the symptomatic lesions the
majority of neovessels were irregular in shape 11
lesions (85%), whereas in asymptomatic lesions very
few irregular-shaped vessels were identified; 5
lesions had no neovessels present despite looking at
further tissue sections; in 7 lesions the majority of
vessels were flattened; and in 3 lesions the majority
of neovessels were circular and regular in shape.
Neovascularization and plaque morphology.
Each plaque was scanned for the presence of rup-
ture, hemorrhage, necrosis, cap thinning, and the
presence of capsular foam cells (Table II). For the 28
lesions histologically examined, 11 had the presence
of rupture within the plaque, 11 had hemorrhage
within the plaque, 17 had cap thinning, 22 had the
presence of foam cells, and 18 had necrosis. By the
Fisher exact test, there was no significant difference
between lesions in symptomatic and asymptomatic
patients with regard to plaque hemorrhage, cap
thinning, and foam cells. Symptomatic lesions had
significantly more necrosis and plaque rupture than
did asymptomatic lesions.
Those plaques that ruptured had significantly
more neovessels overall than those that did not rup-
ture (W = 225, P < .0014), and, similarly, those that
ruptured had significantly more neovessels within the
cap (W = 219, P < .0041). Similar differences were
seen in the overall number of neovessels (W = 210, P
< .0168) and cap neovessels (W = 202, P < .0469)
that were associated with plaque hemorrhage. Plaque
necrosis was also associated with an increase in the
number of plaque neovessels (W = 93.5, P < .0116)
and cap neovessels (W = 88, P < .0052). All these
results are shown in Figs 5 and 6. Although there
were significantly (W = 47.5, P < .024) more plaque
vessels associated with capsular foam cells (median =
53 [range 0-70]) than when the foam cells were not
present (median = 10 [range 0-60]), there was no sig-
nificant difference with regard to cap vessels and the
presence or absence of foam cells (median number of
cap vessels in the presence of foam cells = 15 [range
0-70] vs median number of cap vessels in the absence
of foam cells = 0 [range 0-18]).
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Fig 2. Carotid plaque neovessels at the medial border of
the lipid core from a symptomatic patient.
Fig 3. Neovessels within the cap of an atherosclerotic
plaque of the carotid artery.
Table II. Carotid plaque histopathologic charac-
teristics from highly symptomatic patients versus
those who were asymptomatic at the time of
carotid endarterectomy
Asymptomatic Symptomatic
(n = 15) (n = 13) P
Plaque rupture 2(13%) 9(69%) .010
Intraplaque hemorrhage 3(23%) 8(62%) .054
Necrosis 7(47%) 11(85%) .043
Cap thinning 8(53%) 8(62%) .390
Cap foam cells 11(73%) 11(85%) .600
Transcranial Doppler scanning was performed on
all patients at least 30 minutes before carotid
endarterectomy, continuously throughout the oper-
ation, and then for up to 3 hours postoperatively.
For the purpose of this study, only emboli occurring
preoperatively and up until the time of carotid cross
clamping were included. Of the 28 patients studied,
8 had one or more emboli develop during this peri-
od. These emboli occurred in all the symptomatic
patients. No asymptomatic patients had any emboli
develop during this time course. When the plaque
histologic findings of these 8 patients were com-
pared with those of the other 20 in the study, the
patients in whom embolization developed had sig-
nificantly more necrosis within the plaques (88% vs
53%, P < .016); however, there was no significant
difference between plaque rupture, hemorrhage, cap
thinning, and cap foam cells between the groups.
Patients who had embolized had significantly (W
= 159, P < .025) more plaque vessels (median = 68
[range 32-101]) than did those who did not (medi-
an = 31 [range 0-60]). Similar findings were seen for
cap neovessels (median number of cap vessels for
patients who had embolized = 12.5 [range 7-18] vs
median number of cap vessels in those who did not
embolize = 0 [range 0-21]: W = 176, P < .0014).
DISCUSSION
It has been suggested that intraplaque neovascu-
larization of coronary artery atherosclerotic plaques
may be important in the growth of these lesions,7 and
angiogenic blood vessels have been shown to be pre-
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Fig 4. Different neovessel morphology as viewed at 400· magnification. A, Irregular lobu-
lated shaped vessel; B, flattened vessel.
A B
Fig 5. Number of total plaque microvessels associated with plaque, rupture, hemorrhage, and
necrosis. Values shown are medians and interquartile ranges.
sent at the origin of new intraplaque hemorrhage in
carotid arteries.9 The present study has demonstrated
that angiogenesis is significantly increased in carotid
artery atherosclerotic plaques from symptomatic
patients when compared with matched individuals
with asymptomatic plaques. In addition, there was an
increased number of neovessels seen within the
fibrous cap of the plaques of symptomatic patients.
Importantly, this difference in neovessel number does
not appear to reflect plaque growth as all the plaques
gave rise to stenotic lesions that were the same size
irrespective of symptomatology. Rather, as symptoma-
tology is likely to reflect thromboembolic activity,
these data suggest a correlation between neovessel
counts and events at the plaque leading to the gener-
ation of neurological symptoms. Furthermore, not
only were there more neovessels seen in symptomatic
plaques but the overall morphology of these vessels
was different than those seen in asymptomatic
plaques. The vessels from symptomatic plaques were
larger in luminal cross-sectional area and overall were
more irregularly shaped. It is possible therefore that
these vessels are reminiscent of immature fragile like
vessels seen in tumors10 and mouse embryos deficient
of tie-1/tie-211 and angiopoietin-1,12 which are
receptors and ligand essential for the latter stages of
angiogenesis. If this were so, then large irregular
immature vessels present in symptomatic plaques
might be more prone to hemorrhage and ultimately
rupture. Furthermore, with an increase in neovessel
numbers seen in the fibrous caps of symptomatic
plaques, this could also be a possible vehicle for deliv-
ering inflammatory cells and macrophages to the
fibrous cap. It has been demonstrated that increased
monocyte/macrophage infiltrate within the fibrous
cap is associated with increased plaque instability and
patient symptomatology.13 The cause of this increased
instability is thought to be due to breakdown of the
extracellular matrix (ECM) caused by matrix metallo-
proteinase (MMPs) enzymes secreted by the
macrophages/foam cells.4,14 These proteases may
ultimately lead to fibrous cap thinning, which has
been correlated with increased plaque instability and
symptomatology. The origin of fibrous cap foam cells
is unknown, but it has been hypothesized that these
macrophages are attracted across the luminal sur-
face13 by chemoattractants released from endothelial
and smooth muscle cells within the vessel wall follow-
ing possible activation by, for example, chlamydia,
cytomegalovirus, and other infective agents,15,16
lipids,13 and other unknown agents. It is possible that
neovessels within the plaque could enhance macroin-
filtration by providing an additional entry point and
allowing passage of further macrophages and inflam-
matory cells into the ECM, therefore allowing further
release of MMPs and subsequent weakening of the
fibrous cap. However, the stimulus for angiogenesis in
these plaques is currently unknown, but it may be part
of the plaque remodeling process, which has previ-
ously been alluded to by Fryer et al. 9 It has been
shown that during the development of the aorta, vasa
vasorum only appear in the media after this layer has
JOURNAL OF VASCULAR SURGERY
266 McCarthy et al August 1999
Fig 6. Number of cap microvessels associated with plaque, rupture, hemorrhage, and necro-
sis. Values shown are medians and interquartile ranges.
reached a critical thickness.17 These findings are simi-
lar to the current notion of tumor angiogenesis, in
which it is thought that for a tumor to grow above a
certain size it needs to develop its own blood supply
and therefore tissue ischemia and hypoxia are proba-
bly thought to be the stimuli for this process.18 This
could be a similar stimulus for the development of
atherosclerotic plaque neovascularization. However,
Silverman et al19 demonstrated that the presence of
fat alone could be a stimulus for angiogenesis, and so
perhaps the fat-laden lipid core seen in atherosclerot-
ic plaques could act as a stimulus for the growth of
new blood vessels. Despite this possibility, it is difficult
to explain why five of the lipid-rich plaques from
asymptomatic patients had no evidence of angiogene-
sis occurring within them; so it is difficult to conclude
what the stimulus might be. The large irregular
immature neovessels may be similar to those seen in
tumors, where the hyperpermeability of these vessels
leads to tumor edema and hemorrhage. Similar occur-
rences in carotid plaques could have disastrous conse-
quences on plaque stability and on patient sympto-
matology.
Carotid plaque rupture,3 necrosis,20 hemor-
rhage,21 fibrous cap thinning, and the presence of
capsular foam cells3 have all been correlated with
onset of neurological symptoms in patients with
carotid stenoses. However, from this study only
plaque rupture and necrosis were significantly high-
er in symptomatic patients, while intraplaque hem-
orrhage was just outside the realms of statistical sig-
nificance (P = .054). Several authors have argued
that intraplaque hemorrhage is equally present in
both asymptomatic and symptomatic plaques3,22,23
and that the main difference occurs when the hem-
orrhage ruptures into the lumen of the carotid
artery.2 Overall, there were significantly increased
numbers of angiogenic blood vessels seen in the
plaques and fibrous cap that had ruptured, hemor-
rhaged, and undergone necrosis. Interestingly, there
were also significantly more vessels seen in plaques
from patients who had evidence of preoperative and
intraoperative embolization, embolization being a
marker of plaque friability and instability. This
demonstrates further the association of plaque insta-
bility and angiogenesis. However, whether angio-
genesis occurs as part of the remodeling process fol-
lowing plaque rupture and intraplaque hemorrhage
of the unstable plaque or that a stable plaque pro-
gresses to an unstable plaque as a direct result of
neovascularization is yet to be elucidated.
In conclusion, there is an increase in angiogenesis
in carotid atherosclerotic plaques from symptomatic
patients when compared with plaques from matched
asymptomatic patients. Furthermore, the distribution
of some of these neovessels within the fibrous cap, the
increased size, and irregularity in vessel shape suggest
that these vessels could contribute to plaque instabili-
ty and thus patient symptomatology. However, fur-
ther prospective studies are required to determine the
stimulus for the development of these vessels and
their role in plaque progression and remodeling. It is
possible that the neurological sequelae of carotid dis-
ease could be ameliorated by aiding the maturation
and stabilization of plaque neovessels or even pre-
venting plaque angiogenesis. 
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